Peptidoglycan recognition proteins (PGRPs) are key sensing-molecules of the innate immune system that specifically detect bacterial peptidoglycan (PGN) and its derivates. PGRPs have recently emerged as potential key regulators of normal brain development and behavior. To test the hypothesis that PGRPs play a role in motor control and anxiety-like behavior in later life, we used 15-month old male and female peptidoglycan recognition protein 2 (Pglyrp2) knockout (KO) mice. Pglyrp2 is an N-acetylmuramyl-Lalanine amidase that hydrolyzes PGN between the sugar backbone and the peptide chain (which is unique among the mammalian PGRPs). Using a battery of behavioral tests, we demonstrate that Pglyrp2 KO male mice display decreased levels of anxiety-like behavior compared with wild type (WT) males. In contrast, Pglyrp2 KO female mice show reduced rearing activity and increased anxiety-like behavior compared to WT females. In the accelerated rotarod test, however, Pglyrp2 KO female mice performed better compared to WT females (i.e., they had longer latency to fall off the rotarod). Further, Pglyrp2 KO male mice exhibited decreased expression levels of synaptophysin, gephyrin, and brainderived neurotrophic factor in the frontal cortex, but not in the amygdala. Pglyrp2 KO female mice exhibited increased expression levels of spinophilin and alpha-synuclein in the frontal cortex, while exhibiting decreased expression levels of synaptophysin, gephyrin and spinophilin in the amygdala. Our findings suggest a novel role for Pglyrp2 as a key regulator of motor and anxiety-like behavior in late life.
Introduction
Peptidoglycan recognition proteins (PGRPs) belong to a novel family of innate immune molecules that are highly conserved from insects to mammals (Dziarski and Gupta, 2006; Liu et al., 2001) . They are involved in antibacterial defenses and innate immunity (Dziarski and Gupta, 2010; Liu et al., 2001; Royet et al., 2011) . Humans and mice have four specialized PGRPs, namely, PGLYRP1, PGLYRP2, PGLYRP3, and PGLYRP4 (PGLYRP1-4; which were initially named PGRP-S, PGRP-L, PGRP-Ia, and I Ib, respectively). All mammalian PGRPs are capable of binding peptidoglycan (PGN), a major component of the bacterial cell wall. PGLYRP1-3 are directly bactericidal (Dziarski and Gupta, 2010; Liu et al., 2001; Royet et al., 2011) . PGLYRP2, however, is the only mammalian PGRP protein known to have an N-acetylmuramyl-L-alanine amidase activity that hydrolyzes PGN between the sugar backbone and the peptide chain. PGLYRP2 is constitutively expressed in the liver, where it is secreted into the bloodstream (Dziarski and Gupta, 2010; Liu et al., 2001; Royet et al., 2011) . It also has low expression in some parts of the intestinal tract and cornea, but bacteria and cytokines can induce its expression in epithelial cells (Dziarski and Gupta, 2010; Liu et al., 2001; Royet et al., 2011) . Recently, we discovered that all four mammalian PGRPs, including PGLYRP2 are highly expressed during specific temporal windows of postnatal mouse brain development, thus suggesting that PGRPs may play roles beyond the classical immune functions (Arentsen et al., 2017) .
The above findings are consistent with a growing literature demonstrating that peripheral immune molecules can have important roles in neurodevelopment. For example, the major histocompatibility complex (MHC) class I and the paired-immunoglobulinlike receptor B (PirB; an MHCI-binding receptor) have been implicated in synaptic plasticity, learning and memory (Boulanger and Shatz, 2004; Djurisic et al., 2013; Lee et al., 2014) . Moreover, several members of the Toll-like receptor (TLR) family are able to modulate key neurodevelopmental processes (e.g., neurite outgrowth, neuronal proliferation/differentiation and neuronal cell death) (Lathia et al., 2008; Ma et al., 2006; Okun et al., 2010b; Shechter et al., 2008) . In addition, it was shown that working memory, motor learning, and anxiety are influenced by TLR3 (Okun et al., 2010a) , and that TLR4 has a role in shaping spatial reference https://doi.org/10.1016/j.bbi.2017.09.014 0889-1591/Ó 2017 Published by Elsevier Inc. memory, and fear learning and memory (Okun et al., 2012) . The presence of PGRPs in the brain suggests that they might also influence behavioral functions. Indeed, we have recently demonstrated that the absence of Pglyrp2 leads to sex-dependent changes in social behavior in juvenile mice under non-pathological conditions (Arentsen et al., 2017) . These observations raises important questions about their potential functions in the heathy central nervous system.
In the present study, we investigated the influence of Pglyrp2 on motor control, social and anxiety-like behavior in later life, by using 15-month old Pglyrp2 KO male and female mice. In addition, we examined whether the absence of Pglyrp2 alters the expression of synaptic-related genes in key brain regions involved in emotional processing (i.e., prefrontal cortex and amygdala.
Material and methods

Animals
Heterozygous Pglyrp2 breeding pairs were obtained from the Jackson laboratory (Bar Harbor, ME, USA) (Xu et al., 2004) . The Pglyrp2 mice used were backcrossed to C57BL/6 mice for at least 10 generations in the original laboratory where they were generated, as well as backcrossed for at least one generation in the Jackson Laboratory (Stock No. 000664). Animals were bred and housed in our animal facility under specific-pathogen-free (SPF) conditions in standard plastic cages (Makrolon Ò Type III, Tecniplast, Buguggiate, Italy) under controlled temperature, humidity, and light (12:12 h light-dark cycle). Food and water were available ad libitum. Wild-type (WT) and knockout (KO) mice were obtained from multiple heterozygous Pglyrp2 breeding pairs (n = 6). WT and KO offspring were weaned from their mothers at postnatal (P) day 21 and housed in same-sex groups. All experiments were conducted according to a protocol approved by the Ethics Committee on Animal Research, Stockholm North and in accordance with the European Communities Council Directive of 22 September 2010 (2010/63/EU).
Behavioral studies
Testing took place between 0900 and 1600 h under low illumination to reduce stress. On the day of testing, animals were brought in their home cages to the testing room and allowed to rest for at least 1 h before testing. Test chambers were cleaned first with disinfectant and then with 70% ethanol and water after each animal. The mice were behaviorally tested at 15 months of age (males: WT, n = 8 and KO, n = 12; females: WT, n = 9 and KO, n = 9). The order of the behavioral assessment was as follows: open-field test (OF; day 1), rotarod (pre-training: day 5; training: day 6), elevated plus maze (EPM; day 8), light/dark transition test (LD test; day 12), three-chambered social approach task (days 14-15), and treadmill test (day 21). All animals were naïve to the tasks. The experimenter was blind to the genotype during behavioral testing. Eight days after the behavioral testing (on day 29), animals were euthanized.
Open-field test
Animals were placed individually in the center of an open-field box (48 cm Â 48 cm; Acti-Mot detection system; TSE, Bad Homburg, Germany), and their spontaneous motor activity was recorded for 90 min, as previously described (Diaz Heijtz et al., 2004).
Rotarod test
Motor coordination and balance were evaluated by using an accelerating rotarod apparatus (Ugo Basile, Varese, Italy). The apparatus consisted of a rotating rod (3 cm in diameter) divided into 5 running lanes allowing up to 5 mice to be tested simultaneously. One day before testing, animals were acclimated to the rotarod by being placed on the cylinder rotating at a fixed speed of 4 rotations per minute (r.p.m.) for two 90-s periods, 2 h apart. On the day of testing, animals were placed on the rotating cylinder, and the amount of time each animal was able to maintain its balance was recorded. The rotarod was set to accelerate in a linear manner from 4 to 40 r.p.m. over a 5-min time period. Latency to fall was measured in seconds after a mouse fell of the rod, clung to the rod for two consecutive rotations or rotated three times within 10 s. The maximum latency time of 300 s was assigned when a mouse did not fall from the rod or did not perform the above rotation mistakes. Mice performed 5 trials over 1 day, with a 5 min inter-trial interval.
Elevated plus maze test
Mice were individually placed in the center of an elevated plus maze apparatus (Kinder Scientific, California, USA) , facing an open arm and allowed to explore the apparatus for 5 min. The time spent in, and entries into, the open and closed arms, and total distance traveled were recorded via infrared photobeams and analyzed with Motor Monitor TM software (Kinder Scientific, California, USA).
Light/dark transition test
The mouse was placed into the dark compartment and allowed to freely explore the apparatus (48 Â 48 cm; with a dark and light zone of equal size) for 5 min. Motor activity and time spent in the dark and light compartments were measured by using photocells (TSE, Bad Homburg, Germany).
Three-chambered social approach task
Sociability and social cognition were evaluated in a threechambered apparatus as previously described (Arentsen et al., 2017; Yang et al., 2011) . The rectangular three-chambered box was made of clear Plexiglas and was divided into three equally sized chambers (43.7 cm long, 20 cm wide and 35 cm high). The walls dividing the chambers contained a small rectangular opening (10 cm wide and 6.5 cm high) to allow the test mouse access to the adjacent chambers. Clear rectangular Plexiglas doors were used to close the openings when required. The test session began with a short habituation (i.e., 1 min) in the center chamber without access to the side chambers, followed by a 10-min habituation session to the entire empty box, with access to all three chambers. The test mouse was then briefly confined to the center chamber while the experimenter placed the stimuli. To test for social approach behaviors towards a live unfamiliar mouse (with the same weight, sex, and strain as the test mouse), a novel C57BL/6 mouse previously habituated to a grid enclosure (inverted wire pencil cup, Galaxy, Kitchen Plus, http://www.kitchen-plus.com) was placed in one of the side chambers. A control novel object, an identical empty grid enclosure devoid of social odors, was placed in the other side chamber. The location of the novel object and the novel mouse alternated between the left and right side chambers across subjects. After both stimuli were positioned in the side chambers, the two doorways were simultaneously opened and the test mouse was allowed access to all three chambers for 10 min. After this 10-min testing period the test mouse was again shortly confined in the center chamber. To assess social cognition, a novel C57BL/6 stimulus mouse was placed into the chamber that previously contained the empty grid enclosure. With both stimulus mice positioned in their respective enclosures, the doorways were opened and the test mouse was able to freely explore all three chambers for 10 min. Time spent in each chamber and time spent around enclosures (i.e., near the novel object, novel mouse, or familiar mouse) was recorded by a video camera positioned directly over the testing apparatus and analyzed by the automated tracking system EthoVision XT version 11 (Noldus, Wageningen, The Netherlands).
Treadmill analysis
Motor coordination of aged male and female WT and Pglyrp2 KO mice was assessed using ventral plane videography (BonitoOliva et al., 2014) . Each mouse was placed on the belt of an automated treadmill apparatus (Exer Gait XL, Columbus Instruments, USA) and the ventral view of its motions were recorded using a high-speed digital video camera (100 frame per second). The area covered by the mouse was kept within the camera's field of view by mounting a 17 Â 5 cm compartment over the belt. Prior to testing, each mouse underwent a habituation phase during which it was placed on the still treadmill for 1 min, followed by progressively increasing the speed of the belt from 0 to 16.6 cm/s (i.e., 10 m/min) over 1 min. The testing phase consisted of three 20-s trials separated by 1 min intervals during which the belt was slowed from 10 to 0 cm/s and the mouse was allowed to rest. Motor coordination and movement on the treadmill were assessed with measurement of individual paws and whole body parameters (see Supplementary Table 1 ). The recordings were analyzed using TreadScan software (TreadScan 4.0, Clever Sys, Inc., Reston, VA, USA) and all measurements were averaged across the 3 trials. Four animals were unable to perform on the treadmill at the determined speed for analysis and were excluded from the analysis (i.e., 1 WT female, 1 WT male, and 2 Pglyrp2 KO males).
Quantitative real-time polymerase chain reaction (qRT-PCR)
Expression of genes of interest were quantitatively determined by using a SYBR Green Real-Time PCR Detection System (Bio-Rad, Sundbyberg, Sweden) as previously described (Arentsen et al., 2015) . The housekeeping gene, Peptidylprolyl isomerase A (Ppia) was used for normalization, as its expression is stable in all tissues examined. The Primer-BLAST web-based software was used to design gene-specific primers (http://www.ncbi.nlm.nih.gov/tools/ primer-blast/). All primer sequences, annealing temperatures, and gene accession numbers are listed in Supplementary Table 1.
Statistical analysis
All statistical analyses were performed using STATVIEW version 5.1 software. Data from behavioral studies were analyzed using either repeated-measures analysis of variance (ANOVA) or factorial ANOVA when appropriate. Post hoc comparisons were made using a Bonferroni/Dunn test when significant ANOVA effects were found. Data from gene and protein expression studies were analyzed using one-way ANOVA. Post hoc comparisons were made using Fisher's Least Significant Difference (LSD) test when significant ANOVA effects were found. The threshold for statistical significance was set as P 0.05. All data are presented as the means (±S. E.M.).
Results
Behavioral studies
Pglyrp2 KO female mice display decreased rearing activity in the open-field test
We subjected 15-month old Pglyrp2 KO male and female mice and their respective WT controls to a battery of tests for exploratory activity, anxiety-like behavior, motor coordination and social behavior. First, we assessed the impact of Pglyrp2 deficiency on body weight in the aged animals. The body weight of Pglyrp2 KO male and female mice did not differ compared to WT controls (Fig. S1 ). We then subjected Pglyrp2 male and female animals to the open-field activity box. Their spontaneous motor activity, including locomotor and rearing activities, were measured for 90 min. The distance traveled by Pglyrp2 KO male and female mice did not significantly differ from their respective WT controls ( Fig. 1A and B) . Evaluation of rearing activity revealed that Pglyrp2 KO females displayed a decrease in the number of rears during the 90-min open-field test compared to WT females (genotype effect: F 1, 16 = 4.9, P < 0.05; Fig. 1D ). Pglyrp2 KO female showed a significant decrease in the number of rears during the 0-15 min, 16À30 min and 61À75 min time intervals compared to controls (P < 0.01, P < 0.05 and P < 0.05, respectively; Fig. 1D ). In contrast, rearing activity did not differ between Pglyrp2 KO males and WT controls (1 C).
Pglyrp2 KO females display increased motor coordination in the rotarod test
We assessed the motor coordination and balance of Pglyrp2 KO and WT mice in an accelerating rotarod apparatus. Performance on the Rotarod was measured by the latency of mice to fall from the accelerating rod, during 5 trials over 1 day, with a 5-min intertrial interval. No significant differences were observed in rotarod performance between Pglyrp2 KO and WT males ( Fig. 2A) . Pglyrp2 KO females, on the other hand, performed significantly better than WT females (genotype effect: F 1, 16 = 6.2, P < 0.05), with an increased latency to fall over the first 3 trials (P < 0.05; Fig. 2B ). Body length and body width did not differ between the genotype groups ( Fig. 2C and D) .
3.1.3. Pglyrp2 KO male and female mice display altered anxiety-like behavior
To test for anxiety-like behaviors, we used the EPM, LD transition and open-field tests. In the EPM test, Pglyrp2 KO male animals spent significantly more time in the open arms than in the closed arms compared to controls (genotype Â arm interaction: F 2, 36 = 7.0, P < 0.01; Fig. 3A) . Pglyrp2 KO females, on the other hand, spent significantly less time in the open arms than in the closed arms compared with WT controls (genotype Â arm interaction: F 2, 32 = 5.1, P < 0.05; Fig. 3B ). Moreover, the distance traveled and number of entries into the open arms were significantly reduced in Pglyrp2 KO females compared to WT females ( Fig. 3D and F) , while it did not differ between Pglyrp2 KO and WT males ( Fig. 3C and E) . In the LD-box test, no significant differences were observed between Pglyrp2 KO and WT male mice (Fig. 4A, C and E) , however, the Pglyrp2 KO females followed the same pattern as observed in the EPM, and spent significantly less time in the light compartment than in the dark compartment compared to WT females (genotype Â compartment interaction: F 1, 16 = 6.5, P < 0.05; Fig. 4B ). They also traveled less distance (Fig. 4D ) and displayed less rearing activity (Fig. 4F) in the light compartment than did controls, although not reaching significance. In addition to the EPM and LD-box tests described above, we also analyzed the time and distance traveled by Pglyrp2 male and female mice during the first 5 min of the open-field test. Pglyrp2 KO male mice spent significantly more time in the center of the open-field compared with controls during the first 5-min time period of the open-field test (P < 0.01; Fig. 5A ). In contrast, Pglyrp2 KO females spent significantly less time in the center of the open-field test compared to controls (P < 0.01; Fig. 5B ). Pglyrp2 KO males also traveled a greater distance in the center of the open-field than did WT males (P < 0.05; Fig. 5C ).
No changes in social behavior and cognition of Pglyrp2 mice
We investigated the potential influence of Pglyrp2 on social preference and social cognition in aged Pglyrp2 mice, by using the same three-chambered sociability approach task. During the sociability phase, mice were given the choice to spend time interacting with either an unfamiliar stimulus mouse or a novel object. Total time (seconds) spent in the different chambers were not significantly different between WT and Pglyrp2 KO mice. However, Pglyrp2 KO males, but not females, had a tendency to spend more time interacting with the unfamiliar stimulus compared to controls (P = 0.057; Fig. 6C and D) . During the social cognition phase of the three-chambered sociability approach task, a novel stimulus mouse was introduced in the chamber that previously contained the novel object. Mice were then given the choice to spend time interacting with either a familiar mouse (i.e., the stimulus mouse from the sociability phase) or a novel stimulus mouse. We did not observe any significant changes in chamber or interaction time between Pglyrp2 KO and WT mice (Fig. S2A-D) .
Gait and whole body movement
Gait and whole body movement was assessed using a treadmill apparatus. The assessed parameters were stride time and paw placement in relation to the body axis, with measurement of the minimum and maximum lateral deviation, and minimum and maximum longitudinal deviation. The analyses of gait and the range of motion did not reveal differences between WT and Pglyrp2 KO male and female mice (Fig. S3) .
Gene expression 3.2.1. Pglyrp2 KO animals show alterations in the expression of synaptic plasticity-related genes
To begin addressing potential effects of Pglyrp2 deficiency on brain function, we investigated the expression of synapticplasticity related genes; synaptophysin (syp), postsynaptic density protein 95 (PSD-95; also known as Dlg4), gephyrin (Gphn), brain-derived neurotropic factor (Bdnf), spinophilin (Ppp1r9b), and alpha synuclein (Snca) in key brain areas involved in anxiety-like behavior (i.e., prefrontal cortex and amygdala). In the prefrontal cortex, the expression levels of Syp, Gphn and Bdnf were significantly reduced in Pglyrp2 KO male mice compared to controls (P < 0.05; Table 1), whereas, Pglyrp2 KO female mice exhibited increased expression levels of Ppp1r9b and Snca (P < 0.05; Table 1 ). In the amygdala, however, Syp, Gphn, and Ppp1r9b expression expression levels were significantly reduced in Pglyrp2 KO female mice (Table 1) , but not in Pglyrp2 KO males (Table 1) . There was also a small but significant decrease in the expression levels of Snca in Pglyrp2 KO male mice. 
Discussion
Until recently, most studies on the roles of the PGRP family have been centered on innate immunity. Recent work from our laboratory provided new evidence indicating a role for the four mammalian PGRPs (Pglyrp1-4) in normal brain development. In the present study, we describe a novel role for Pglyrp2 in the regulation of behavior in late adulthood. Our results represent, to our knowledge, the first demonstration that the absence of Pglyrp2 leads to major sex-dependent alterations in motor and anxietylike behavior in old mice. Additionally, there were mild changes in the expression of synaptic-related genes in key brain regions implicated in the processing of emotional stimuli. These findings indicate that the mammalian Pglyrp2 plays an important role in the modulation of brain circuits involved in motor control and anxiety.
In the present study, we characterized the behavioral phenotype of 15-month-old Pglyrp2 KO male and female mice using a battery of tests for motor activity, motor coordination and balance, anxiety and social behavior. In the open-field test, we examined their exploratory activity and habituation profile. Pglyrp2 KO females, but not males displayed decreased levels of rearing activity throughout the 90-min testing period, without significant changes in locomotion. Some authors have postulated that rearing activity may reflect attentive processes underlying gathering of contextual information in novel situations (Aspide et al., 1998) , which suggests that non-selective attention in old Pglyrp2 KO females is compromised. In preliminary studies, we also found sex-differences in the expression of Pglyrp2 in the adult prefrontal cortex, a brain region implicated in cognitive processes including attention. Surprisingly, in the rotarod test Pglyrp2 KO females performed better compared to WT females (i.e., they had longer latency to fall off the rotarod), indicating a better coordination and balance in Pglyrp2 KO females. This phenotype was not due to differences in anthropometric parameters (body weight, body length and body width) between Pglyrp2 KO females and WT females. In order to assess whether the differences between the Pglyrp2 KO and WT females in the rotarod test were due to peripheral dysfunction, the gait and range of motion of Pglyrp2 KO and WT males and females was assessed on a treadmill. Measurement of stride and paw placement while walking revealed that the effects observed in the rotarod were not due to differences with gait. Our findings suggest a sex-specific role for Pglyrp2 in motor control, and therefore, it would be interesting to investigate poten- tial alterations in the nigrostriatal and mesocortical dopaminergic pathways in Pglyrp2 KO mice in future studies. Studies in germ-free animals that are completely devoid of bacteria throughout life have provided convincing evidence for an impact of the gut microbiota on anxiety-like behaviors (Clarke et al., 2013; Diaz Heijtz et al., 2011; Neufeld et al., 2011) . However, the mechanisms mediating the interactions between the gut microbiota and brain are not yet fully understood. Here, we show sex-dependent alterations in anxiety-like behavior in Pglyrp2 KO mice, as reflected by performance in the EPM, LD transition and open-field tests. While Pglyrp2 KO male mice displayed decreased anxiety-like behavior, Pglyrp2 KO females showed elevated levels of anxiety-like behavior. These findings suggest that bacterial peptidoglycan and its sensing molecules could be a potential pathway by which gut microbiota influence brain circuits involved in anxiety-like behavior. In our previous study, we did not observe any significant changes in motor activity or anxiety-like behavior during the prepubertal period (Figs. S4-5 ), suggesting that PGRPs exert distinct modulatory effects on different behavioral domains and underlying brain circuits across the lifespan. The frontoamygdala circuitry implicated in emotional regulation undergoes substantial developmental refinement from childhood through adulthood. Given that the diagnoses of anxiety disorders peak around adolescence, it would be interesting for future studies to investigate whether sex-dependent alterations in anxiety-like behavior of Pglyrp2 KO emerges around the time of puberty.
Previously we demonstrated sex-specific alterations in social behavior of juvenile Pglyrp2 KO mice. Juvenile Pglyrp2 KO male mice exhibited higher levels of sociability in the three-chamber social approach test (Arentsen et al., 2017) . In the present study, we observed that this behavioral trait was less pronounced in aged Pglyrp2 KO male mice. Our observations are in agreement with a study by Fairless and colleagues showing that differences in sociability between BALB/cJ and C57BL/6J are more prominent during the prepubertal period (Fairless et al., 2012) . This is also in line with findings in both humans and animals demonstrating that social brain networks continue to undergo dynamic structural and functional reorganization throughout adolescence and into late adulthood.
Sex differences in the control of social and emotional behaviors have previously been documented in the literature. For example, Nakajima and colleagues recently identified oxytocin receptor interneurons (OxtrINs) in the medial prefrontal cortex (mPFC) that respond to oxytocin and modulate sociosexual behavior in female, but not male mice (Nakajima et al., 2014) . On the other hand, the same neurons in males, but not females, regulate anxiety-like behaviors (Li et al., 2016) . These investigators provided evidence that the sex-dependent roles of the mPFC OxtrINs in social and emotional behaviors arise from differential sensitivity of local circuitry to sexually dimorphic hormones, rather than from sexdifferences in the number of mPFC OxtrINs (Li et al., 2016) . It is therefore important for future studies to investigate potential alterations in gonadal hormones in Pglyrp2 KO mice, which may help explain the sex-dependent changes observed in old Pglyrp2 KO mice.
In humans, the prefrontal cortex is heavily implicated in the pathophysiology of mood and anxiety disorders (Martin et al., 2009) . Studies in rodents have shown that both the basolateral amygdala (BLA) and the medial prefrontal cortex (mPFC; which shares reciprocal projections with the BLA), modulates anxietyrelated and emotionally-driven behaviors (For a review, see (Kim et al., 2011) ). In the present study, we observed alterations in the expression levels of synaptic-related markers in the prefrontal cortex of Pglyrp2 KO males. Specifically, we found a small but significant reduction in gephyrin (a protein associated with inhibitory synapses) and synaptophysin (a presynaptic marker) gene expression, indicating a potential imbalance between excitatory (E) and inhibitory (I) synaptic transmission. Such an E/I imbalance in the prefrontal cortex is likely to contribute to the behavioral alterations observed in Pglyrp2 KO mice. On the other hand, we found a significant increase in the expression levels of spinophilin (a protein that is highly enriched in dendritic spines) and alpha-synuclein (a small soluble protein expressed primarily at presynaptic terminals) in the prefrontal cortex of Pglyrp2 KO females. Interestingly, a previous study demonstrating increased levels of alpha-synuclein in the hippocampus of rats with high levels of innate anxiety (Chiavegatto et al., 2009) . Although the physiological function of alpha-synuclein remains largely elusive, it inhibits the activity of tyrosine hydroxylase (the rate-limiting enzyme of catecholamine synthesis), thereby down regulating the synthesis of dopamine (Recchia et al., 2004) . Therefore, the anxiogenic behavioral phenotype of Pglyrp2 KO females could be partly mediated by changes in mesocortical dopamine synthesis. In the amygdala, however, we found a small but significant reduction in synaptophysin, gephyrin and spinophilin gene expression in Pglyrp2 KO females, but not in Pglyrp2 KO males. The same tendency, albeit not statistically significant, was observed in the gene expression of PSD-95 (the major scaffolding protein in the excitatory postsynaptic density), thus indicating a potential general reduction in synapses in the amygdala of Pglyrp2 KO females. Future studies are needed to determine potential sex-dependent differences in the expression of Pglyrp2 within the frontoamygdala circuits. Taken together, the above findings indicate a novel role for Pglyrp2 as an important regulator of anxiety-like behavior in rodents. According to epidemiological surveys, up to one third of the population experiences anxiety disorders, with higher prevalence rates in women than in men. Moreover, anxiety disorders are highly comorbid with several neurodegenerative and psychiatric disorders, which often co-occur with gastrointestinal problems (constipation, abdominal pain and diarrhea) and a dysbiotic gut microbiota (Sherwin et al., 2017) . Therefore, the use of more advanced transgenic mouse models will be important for clarifying the precise molecular mechanisms mediating the anxiogenic behavioral phenotype in Pglyrp2 KO female mice, and the potential role of other peptidoglycan-sensing molecules on anxiety-like behavior. Expression levels were normalized to peptidylprolyl isomerase A (PPIA) and compared relative to the respective control group. Data are presented as means (±S.E.M.); n = 5-6 per group. The labels are as follows: Syp, synaptophysin; Dlg4, postsynaptic density 95; Gphn, gephyrin; Bdnf, brain-derived neurotrophic factor; Ppp1r9b, spinophilin; Snca, alpha synuclein. * P < 0.05 compared to their respective control group. The highlighted values indicate an increase or decrease in the gene expression of knockout animals compared to the relative wildtype.
